A diverse set of literature indicates that sleep facilitates memory consolidation. Performance on perceptual (Karni et al. 1994 ) and motor skill (Walker and Stickgold 2004) tasks improves following sleep. For example, in producing learned sequences of finger movements, performance improves more after a 12-h interval with sleep than after a 12-h interval awake. Since initial performance does not differ between training in the morning or evening (Walker et al. 2002; Spencer et al. 2006) , the improvement is unlikely to be due to variations in circadian cycles or arousal. Rather, these performance changes are hypothesized to reflect sleep-dependent consolidation (SDC) of learning (Walker and Stickgold 2004) .
It has been proposed that SDC may decrease with age, due to changes in sleep rhythms (Hornung et al. 2005) , cortisol levels (Buckley and Schatzberg 2005) , or other factors. However, the effect of age on SDC has not been directly examined. In the present study, we tested older adults on explicit and implicitcontextual versions of a sequence learning task. Previously, we demonstrated SDC on the performance of these tasks in young adults (Spencer et al. 2006 ) whereas SDC was not observed on an implicit noncontextual sequence learning task. This dissociation was in accord with the hypothesis that SDC may be restricted to tasks that engage the hippocampus. We now compare the performance of older participants to that of the younger participants, evaluating age-related effects on off-line consolidation of learning.
We tested 32 right-handed individuals (17 males, 15 females) ranging in age from 45 to 80 yr (mean = 59.0; SD = 11.1). The sample of younger adults reported in Spencer et al. (2006) was composed of 38 younger adults (17 males, 21 females, mean = 20.8; SD = 2.1). Although all of the younger participants were tested prior to the older participants, the testing location, apparatus, and procedure were the same for both groups. We excluded participants who had been diagnosed with sleep disorders or were taking medications known to affect sleep. Procedures were approved by the institutional review board at UC Berkeley and informed consent was provided by all participants.
Half of the participants in each age group were assigned to the "explicit" group and half to the "implicit-contextual" group. Both tasks were modified versions of the serial reaction time task (Nissen and Bullemer 1987) . Manual responses were made with the left hand to stimuli presented on a computer monitor. Four horizontally aligned white boxes were displayed at all times. An "X" appeared in one of the boxes and remained on the screen until a response was made (Fig. 1A,B) . The next stimulus appeared 300 msec later, initiating the next trial. Trials were grouped into blocks of 70 trials. Instructions emphasized speed. Feedback indicating mean reaction time (RT) and total errors was provided at the end of each block.
On sequence blocks, the stimuli followed a 10-element sequence that cycled repeatedly. For the explicit group, this was a sequence of locations, and participants responded by pressing the key in the corresponding spatial position on a response board (Fig. 1A ). Participants were informed that the stimuli would follow a fixed sequence on most blocks and that they should learn the sequence so that they could respond as fast as possible.
For the implicit group, responses were based on the color of the X (Fig. 1B) . The color of the X followed a 10-element color sequence and the location of the X followed a different 10-element sequence. Thus, while responding on the basis of location would be inaccurate, the location information provided a contextual cue-the sequence of stimulus colors was presented in the context of the sequence of stimulus locations (see Mayr 1996; Helmuth et al. 2000) . Participants were not informed of the presence of either sequence. We selected this task because learning on this task is facilitated by sleep (Spencer et al. 2006) .
Prior to the experiment, participants in the implicit group were taught the mapping between the four colors and their associated responses (e.g., pinky for yellow; index for red). The experimenter described the color mapping. Then sample stimuli were presented and the participant pressed the appropriate keys. The experimenter reminded the participant of the mapping if necessary and continued practicing until it was evident that the participant had learned the color mapping. During the experiment, a 1.5-cm diameter sticker above each response key indicated the color assignment for that key. Participants were told that this was to serve as a reminder between blocks and that they should not look at them on a trial-by-trial basis. The experimenter monitored the participants to make sure there was minimal use of the stickers during the blocks.
For both tasks, learning was assessed in each session by the inclusion of random blocks. For the explicit group, the location of each stimulus was selected at random (Fig. 1C) . For the implicit group, the stimulus color and location were independently selected at random (Fig. 1D) . The randomization procedure was constrained to match key features of the sequence blocks. Two of the four locations appeared twice and two items appeared three times in each 10-item sequence in the sequence blocks. Thus, random blocks maintained the same proportional presentation of each stimulus location (Fig. 1C,D) . In addition, stimulus repetitions (e.g., 1-1 or 3-3) were not allowed nor were three-element trills (such as 1-3-1 or 3-2-3). Repetitions and trills may enhance 1 sequence awareness and exaggerate learning measures (Vaquero et al. 2006) .
Sequence learning was operationalized as the difference in mean RT on the random blocks compared to the mean RT for the preceding and following sequential blocks. To measure contextual learning in the implicit condition, we included a phase shift block in which the location sequence was shifted with respect to the color sequence. In this manner, the color (and response) sequence remained unchanged (Fig. 1D ). Increases in RT on the phase shift blocks compared to the surrounding sequence blocks reflect disruption of contextual associations between the colors and locations.
Participants were tested in three sessions. For the explicit condition, session one contained 11 blocks. Stimuli were randomized in blocks 8 and 10. Given the addition of a phase shift block in the implicit-contextual condition, 14 blocks were included in session one. The colors and locations were randomly selected in blocks 7 and 13; block 10 was a phase shift block. For both groups, sessions two and three contained seven blocks. The stimuli were randomly selected in block 6. For the implicitcontextual group, block 4 served as a phase shift probe.
To assess off-line changes in performance, sessions were separated by a break that either included or did not include sleep. The order of the wake and sleep intervals was counterbalanced. Half the participants in each group (AM-PM-AM group) began session 1 between 7 and 9 a.m. and half of the participants (PM-AM-PM group) began session 1 between 7 and 9 p.m. Sessions 2 and 3 began 12 and 24 h, respectively, after session 1. For example, participants in the AM-PM-AM group might be trained at 8 a.m. (session 1) and learning would be assessed at 8 p.m. that day (session 2) and again at 8 a.m. the following day (session 3). A signature of SDC in sequence learning tasks is that performance is better immediately after a break that includes sleep compared to a break that does not include sleep (e.g., Walker et al. 2002 Walker et al. , 2003 .
We note that the current design does not include control conditions to evaluate generic changes in performance across sessions (e.g., recovery from fatigue). Such controls have been included in many previous studies of SDC (Walker et al. 2002; Mednick et al. 2003; Spencer et al. 2006 ). For example, Spencer et al. (2006) included a control condition for the explicit task, training a group of participants with stimulus locations that were selected at random on all blocks. There was no reliable decrease in RT following sleep; thus, the between-session improvements observed following sleep in the explicit group were specific to sequence learning. Given the difficulty in recruiting older participants for a three-session study, we chose to not repeat this control here.
The participant's perceived alertness was assessed at the end of each session on a scale of 1 ("drowsy") to 7 ("wide awake"). Another questionnaire was administered at the end of the third session to determine when sleep occurred during the overnight break and whether or not the participant had taken a nap during the daytime break. Additionally, participants in both groups were surveyed at the end of session 3 to determine whether they thought the stimuli appeared sequentially or at random. They were then informed that there had been a sequence and were asked to generate a 10-element sequence.
Participants had little difficulty performing the tasks. Overall, the mean percentage of errors for the older adults (explicit: 3.1%; implicit: 4.2%) was similar to that of younger adults (explicit: 2.8%; implicit: 3.1%). Accuracy did not differ across blocks (explicit: F (24,399) < 0.1; implicit: F (27,420) = 1.1, P = 0.33) or sessions (F < 1 for both conditions). As expected, RTs were considerably slower for the implicit task due to the arbitrary mapping between the colors and response keys, as well as the absence of awareness. When compared to performance of young adults (Spencer et al. 2006) , the mean RTs were considerably slower for the older adults (explicit: 413 msec vs. 203 msec; implicit: 653 msec vs. 456 msec).
In each session older adults slowed on the random block, indicating that they had learned the sequence. This cost was evident on both tasks ( Fig. 2A) . A two-way ANOVA compared block type (random probe block and the average of the surrounding sequence blocks) and session. The main effect of block type was significant (explicit: F (1,90) = 26.7, P < 0.001; implicit: F (1,90) = 10.4, P = 0.002). The main effect of session was not significant (explicit: F (2,90) = 1.8, P = 0.17; implicit: F (2,90) = 2.2, P = 0.11) nor was the interaction (F < 1 for both groups), suggesting that performance for the older participants was relatively stable after session 1. Older adults also showed evidence of contextual learning on the implicit task; RTs were slower when the phase relationship between stimulus color and location was altered, disrupting contextual associations (t (15) = 3.4, P = 0.002).
We used two methods of analysis to compare sequence learning for the two age groups. The first analysis was based on Cold Spring Harbor Laboratory Press on July 10, 2013 -Published by learnmem.cshlp.org Downloaded from the absolute increase in RT on the probe blocks. Based on the random probes, the magnitude of learning did not differ between the two age groups ( Fig. 2B ; explicit: F (1,90) = 1.2, P = 0.25; implicit: F (1108) = 3.3, P = 0.08) nor did age interact with session (F < 1 for both groups). Similarly, the increase in RT on the phase shift probes (RT on the phase shift probe minus the RT for the surrounding sequence blocks) was similar for the two age groups and across sessions, nor was the interaction term of these two factors significant ( Fig. 2B; all F < 1) .
The above analyses do not take into account the difference in mean RT for the age groups. Given this difference in overall speed, we used a normalized measure in the second set of analyses, dividing the increase on each probe block by the mean RT of the surrounding sequence blocks; in essence, this measure looks at learning in terms of a proportional increase in RT on the probe blocks. When calculated this way, the effect of age was significant for the explicit task (F (1,90) = 31.1, P < 0.001) as was the age ‫ן‬ session interaction (F (2,90) = 6.0, P = 0.003). The latter was due to the fact that the adjusted learning score increased significantly across sessions for the young participants, but not the older participants (Fig. 2C ). For the implicit task, neither of the main effects nor the age ‫ן‬ session interaction were significant (all F < 1). The phase shift probe of contextual learning also failed to show an aging effect (F (1108) = 1.3, P = 0.24).
To evaluate whether performance of older adults was more affected by the time of the day, we looked at the interaction of age ‫ן‬ time of day of session 1 (morning for AM-PM-AM group; evening for PM-AM-PM group). The interaction was not significant ( Fig. 3 ; explicit and implicit, all F < 1). Thus, while the older participants were considerably slower overall, this effect was present to a similar degree in the morning and evening sessions.
Off-line consolidation was measured by subtracting the mean RT for the first two blocks in session n from the last two sequence blocks in session n ‫מ‬ 1. These values were normalized by dividing by the mean RT on the first two blocks in session n. This "difference value" has been used in previous studies of SDC (Walker et al. 2002 (Walker et al. , 2003 Spencer et al. 2006) and is especially useful here since it adjusts for the substantial age effect on RT. Based on the hypothesized deficit in SDC with age, of particular interest were improvements in performance for intervals separated by sleep.
The older adults failed to show any indication of improvement on either task between sessions, a null effect observed in both the explicit (t (15) = ‫,60.1מ‬ P = 0.86) and implicit conditions (t (15) = ‫,90.1מ‬ P = 0.85). Indeed, on both tasks, the mean RT on the first two blocks after sleep was slower than the mean RT on the last two blocks prior to sleep (Fig. 3) . When a direct comparison was made between the two age groups, younger adults showed significantly greater reductions in RT after 12-h breaks with sleep on both tasks (explicit: F (1,28) = 33.2, P < 0.001; implicit: F (1,34) = 15.9, P < 0.001). These results are consistent with the hypothesis that SDC decreases with age (Buckley and Schatzberg 2005; Hornung et al. 2005) . The same pattern of results was obtained when the analyses were repeated using absolute RT difference.
We also looked at changes in performance over a 12-h break without sleep. In our previous study (Spencer et al. 2006) , younger adults showed a significant decrease in RT over this interval on the explicit task and not the implicit-contextual learning task. While the older adults also showed a decrease in RT (5 msec) over this interval in the explicit condition, this effect was not reliable overall (difference values relative to zero t (15) = 1.2, P = 0.12). However, the group of older adults who began testing in the morning (AM-PM-AM) did show a significant reduction in RT across this interval (t (7) = 3.1, P < 0.001). The older adults showed a reliable decrease in RT on the implicit task after a 12-h break without sleep (mean = 25 msec, t (15) = 1.8, P = 0.05). When we compared the two age groups, there was a significant age ‫ן‬ task interaction (F (1124) = 20.7, P < 0.001). We do not have an account of this crossover interaction, especially since the younger adults did not show a reduction in RT on the implicit task immediately after a 12-h break without sleep.
Could the lack of SDC in the older adults be due to changes in sleep patterns that occur with age? While polysomnography measures were not obtained, sleep diaries were maintained. The older adults averaged 7.0 h (SD = 0.9) of sleep. This value does not differ from that of the younger adults (mean = 7.3 h; SD = 1.2). Thus, the lack of off-line learning in the older adults was not associated with a decrease in subjective sleep duration. We also considered the possibility that the lack of a difference between the sleep and wake intervals might be due to napping, given that a nap alone can lead to SDC (Mednick et al. 2003) . If the older participants took naps in the AM-PM interval, the null effects might be because SDC occurred during both breaks. Two aspects of the results argue against this hypothesis. First, the mean RTs after each break were not different than at the end of the preceding session. Second, only six participants (four implicit; two explicit) reported taking a nap. Analysis of the data after excluding these participants did not change the results.
It is also unlikely that the observed effects reflect differences in circadian rhythms for the age groups. As reported above, the interaction between age and time of day was not significant for the initial learning scores (Fig. 2B) . Moreover, the participants' perceived alertness did not differ across sessions (F (1,62) = 3.3, P = 0.10) or age groups (main effect and interactions: F < 1). On the 7-point scale, the mean perceived alertness was 6.1 for the younger adults and 5.8 for the older adults across sessions. Alertness did not correlate with SDC (young, r = 0.21; older, r = ‫)21.0מ‬ as measured by a sleep benefit score calculated as the difference of the difference values (i.e., [AM-PM] ‫מ‬ [PM-AM]). In addition, this sleep benefit score was neither related to the amount of time participants were awake after the first (or only) evening test session (young, r = 0.09; older, r = 0.11) nor to the amount of time awake prior to the post-learning morning test session (young, r = ‫;91.0מ‬ older, r = ‫.)40.0מ‬ Thus, while we do not have any direct measures of circadian rhythms, individual differences in sleep-wake cycles were not predictive of SDC.
Taken together, these results reveal an age effect on measures of off-line memory consolidation. Despite relatively normal initial learning, the older participants failed to demonstrate evidence of memory consolidation in conditions in which consolidation is observed in younger participants. The absence of a change in performance was most evident when the 12-h break included sleep supporting the hypothesis that SDC decreases with age.
Although research on the neural correlates of SDC is in its infancy, we propose three nonmutually exclusive reasons why this learning mechanism may be diminished with age. First, older adults might have a general problem with off-line consolidation mechanisms. The relationship between sleep-dependent and sleep-independent consolidation mechanisms is a subject of considerable interest. A recent study points to distinct off-line consolidation processes for intervals that include or do not include sleep (Cohen et al. 2005) . Our results on this issue are ambiguous. While the results are mixed regarding age-related changes in sleep-independent consolidation, we did find a marked impairment in sleep-dependent consolidation. It is unclear if this pattern reflects a dual impairment in memory consolidation processes or if the sleep-dependent component reflects an amplification of an impairment in off-line consolidation. This is an important subject for future research.
Second, SDC may decrease due to changes in sleep quantity or quality . While the overall quantity of sleep did not differ for younger and older adults, time spent in the relevant sleep stage may differ. The degree of SDC for explicit skill learning correlates with time spent in NREM-2 sleep (Walker et al. 2002) . However, the amount of NREM-2 sleep does not decrease with age and, in fact, may increase . Rather, changes in the qualities of the sleep stages, including NREM-2, may occur with age, even if the duration is unchanged (Gaudreau et al. 2001) . For instance, the number of sleep spindles may decrease with age (for review, see De Gennaro and Ferrara 2003) . Sleep spindles have been hypothesized to promote synaptic plasticity during sleep, increasing following learning and correlating with SDC (Fogel and Smith 2006; Nishida and Walker 2007) .
Finally, aging may effect the functional operation of neural systems associated with off-line learning. We have proposed that SDC, at least for the motor skill tasks used here, is dependent on the hippocampus (Spencer et al. 2006) . Indeed, the implicitcontextual task was chosen because of its hypothesized dependency on hippocampal learning mechanisms (Chun and Phelps 1999; Keele et al. 2003; Cohen et al. 2005) . SDC is not observed for noncontextual implicit learning, learning which is independent of the hippocampus. Age-related changes in hippocampal function (Sapolsky 1992; Buckley and Schatzberg 2005) may underlie the absence of SDC in older adults. Direct measurements of physiological markers associated with sleep or the functionality of neural systems involved in learning should prove useful in elucidating the mechanisms of the age-related decline in SDC. 
